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STUDIES IN GRAV IMETRIC G EODESY

1. Introduction

This is a final report and summary of the work done under

the Con tract No. F 1962 8-77-C-0082 . The contractual and reporting

period is 1 Janua ry , 1977 - 30 September, 1978. Object ives  of

the wo rk as defined in the contract were  as  follows:

a. Determine where  a limited number of new ab solute

gravity measurements will have the largest influ-

enc e on improving the IGSN 7 1 netwo rk; determine

p roper intervals fo r  additional absolute sites in order

to solve the second and hig her  order  cor rec t ion  term s

for  calibration of gravimeters ;  determine the location s

for  new ab solute measurements  which reduc e systemati c

e r ro r s  to a minimum.

b. Study the Geodetic Bounda ry Value p roblem in light

of the theoretical breakthrough of Lars  H~$rmander ’ s

“The Bounda ry-value Problem of Physical Geodesy ” ,

published in Stockholm, Sweden in 1975.

c. Study the homogen eity and isotropy assumptions in

g ravity predictions. Form model s tha t va ry from one

area to another , and model s tha t may have azimuth

dep endenc e in thei r cova rianc e fun ctions.

The wo rk done on item s b and c have been reported as

Scientific Reports No. 2 and No. 1 resp ectively. The wo rk done

under item a has been reported in the quar ter ly status reports and

in info rma l communications sent to the Monito r of the Contra c

t. 1
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In the following onl y a sho rt summa ry will be given of wo rk

done under i t e m s  b and c because the detailed technical reports ,

submitted ea rlier , cover  the item s in detail. More  detailed report

will be presented abo ut the wo rk done under item a.

2. Geodetic bounda ry value problem

The work done in thi s problem was reported in the techni-

cal report by Helmut Mori tz  (1977) :  “Rec ent Developments in the

Geodetic Bounda ry-Value Problem. ” Thi s report was submitted

as Scientific Report  No. 2 under thi s cont ract and was di stributed

by the Ai r  Forc e Geop hysic Labora to ry as document AFGL-TR-78-

0002 . It was also distributed as Report No. 266 in the series of

Reports of the Department of Geodetic Science.

The ab stract of the r epor t  reads:

“The repor t  review s progress  in the mathematical formula-

tion and treatm ent of the geodetic bounda ry-value p roblem, in

particula r , the existence and uniqueness theo r ems of L. H~ rmander

and the gravity space approach due to F. San so. The method of

H~ rmandcr uses a very  advanced inverse function theorem of non-

l inear  functional analysis. Sanso has  transfo rmed Moloden sky ’ s

f r e e  bounda ry-value p roblem into a fixed bounda ry-value p roblem

in ‘gravity space ’ , thereby essentially reducing the mathematical

complexity.  As  a linea r app roxima tion , the gravity space approach

gives  identical results to the conventional lin ea rization, but gravity

space appears superior  fo r  treating question s of existence and

uniqueness of the solution, altho ug h it is restricted to the pure

gravitational case without c entrifugal force. ”

It is recommended that those who a r e  interested in this

subj ec t ma tter read the original excellent tec hnical repo rt. The

impo rtance of thi s work might be reflected by the following quota-

2
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tion from Mori tz ’s report: “The impact of the gravity  space app roach

to the theory of Molodensky ’ s p roblem appears to be eno rmous; it

may well be compa rable to the impact of Hamiltonian methods to

N ewtonian cla ssical mechanics  (both app ly a Leg endre transfo rma-

tion !).

3. Homogeneity and isotropy assumption s in gravity predict ion

The wo rk done in thi s problem was reported in the technical

rep o rt by William Kea r sley (1977): “Non-Stationary Estimation in

G ravity Prediction Problems. ’’ This report was submitted as

Scientific Report No. 1 under thi s contract and was di stributed by

the Air  Forc e G eophysics Laboratory as document AFGL-TR-77-

0 186. It was also distributed as Report No. 256 in the series

Reports of the Department of Geodetic Science.

The abstract of the report reads:

“Thi s repo rt inv e stigates the impact that the assumption s

of homogeneity and isotropy, when appli ed to potential related

fields, have upon the stochastic processes which are  applied to

these fields. Af ter  seeing how these assumptions a re  incorporated

into the statistical model to produc e the familia r covarianc e function,

the investigation c enters on technique s which can be used to detec t

the p resence  of anisotropy in the field. The method found most

useful in the two-dimensional cova rianc e function, and some method s

of representing thi s function a re  also investigated.

Num erical studies a re  then carried out to see the effect the

use of the 2-D cova rianc e function has  upon the results of predict ion

and collocation computations. It is found tha t , under certain circum-

stances, the Z-D func tion produces a result superior to that given

by the gen e ral function. Recommendations a re  then given as to

when the 2-D cova rianc e funct ion should be used in practical solu-

3
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tion s, and suggestion s made as to the possible a r e a s  of f u r ther

resea rch.

More  details are  refl ected in the section of Conclusion s in

the report which reads:

“The two-dimensional cova rianc e function provides the most

efficient means of detecting and representing the anisotrop ic cha r-

ac ter i s t ics  of a data set distributed over a plane. Thi s function

g rap hically desc ribes the covarianc e which exists between poin t

pairs  of all sepa rations and ori entations. The extent of anisotropy

is indicated by the depa r ture  of the contours of the 2-D cova rianc e

surface from a circular pattern , and the orientation of the axes of

maximum and minimum correlation are cl early shown .

Ic is possible to model the 2-D covariance surface by gen-

era ting a simple cova rianc e function for each azimuth, 0 � 
~~ < 360.

The loga rithmic function sugg e sted by Moritz ( 1976 , p. 29) appears

to be the best model overall , particularly when the function atta in s

negative values. The fact tha t the 2-ID cross-cova riance fun c tion

is not symmetrical complicates the generation of the surface by

thi s method. It is possible to overcome this problem by using the

symmetrical 2-ID function to app roximate the cross-cova rianc e sur-

face.

The ideal function would enable the gen eration of all auto

and cross-cova riance fun c tions knowing the pertinent pa rameters of

(say) the anomalous gravity field. The thi rd-order Markov function

suggested by Jordan (1972) has thi s capability . Unfortunately, the

theoretical relationships did not agree with the actual relationships

in thi s instance. It is felt that this is an important area for

fu r the r  resea rc h, if the usefulness of the 2 -ID covarianc e function

is to be fully exploited.

The Z-D cova riance function is capable of p roducing results

superio r to those obtained by the general function wher ce: ia
in4



conditions a r e  present .  These condition s will produc e la rge (liffer-

ences b etween &‘lements of the cova rianc e ma t r i ces  der ived  f rom

the gen era l c ova r~~nce analys i s  and f rom the 2-I) c ivar iance  analy-

sis. They will occur  when :

(i) anisotropic ef fec ts  a r e  presen t and , b e c a u s e  of the dis-

tribution of the data , predict ions mus t  be per fo rmed

over large sepa ration s and in an asymmetr ic  configur-

ation , or

(ii) ani sotropy is strongly evident and homogeneous throug h-

out the field. Such an effec t can be seen in area s w h e r e

geoidal slope a re  uniformly and con sistently la rge (e .g .

the geoid slope ac ross  Aust ra l ia) .  In fact , under th ese

condition s the soluti on using the general function appears

to break down .

In any case , a 2- ID covarianc e analysi s should be p e r f or m e~3

on data which shows ani sotrop ic tendencies. Thi s will indicate the

extent to the azimuth dependence of the cova rianc e funct i on and

enable remedial action to be taken (e. g. in the configuration of the

data used in subsequent computation) if thi s appears wa r ranted.

The 2-D cova rianc e surface may also provide useful info r-

mation concerning a suitable “trend surface ” to be fit ted to the

original da ta . Knowing that  the residuals of the actual data f rom

the trend should be isotropic , it  shoul d be possibl e to di scover

what  nature of surface must be fitted in order to transform the 2-D

cova rianc e surface to a surface of revolution . (Thi s may be bes t

per formed in the spectral domain.) The residuals  can then be used

in the stochastic processes  with the knowledge tha t they do in

reality possess isotropic characteristics.’’

For more details the reader is referred to the original

r epo rt.

5
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4. Selection of p r e f e r r ed  locations of new ab solute gra vi ty
measurements in the gravity netwo rk s

4. 1 Introduc tion

Internati onal Gravity Standa rdization Net 1971 ~1GSN 7 l~ was

adopted by the International Union of Geodesy and Geop hysics at

the XV Genera l Assembly in Moscow 1971 (Morelli , et al 1974).

In the lea st squares adjustment which produc ed the IGSN 71 ten

ab solute measurements  of gravity were used at the eight sites.

Sinc e the adoption of IGSN 71, new , very accurate, portable ab solute

gravity measuring devices  have been developed. During the develop-

ment phase  of these appa ratuses, a question “where is the best

place to make an additional ab solute gravity determination to imp rove

most of the IGSN 71 ’’ was posed. Under thi s resea rch p roject  the

ana lyses were  performed in order  to answer thi s question.

4.2 Mathematical model

The IGSN 7 1 is fo rmed by 1854 gravity stations, distributed

around the wo rld. The inverse of the no rmal matrix for  the

solution of the gravity values of the stations and other parameters

was available to us and obtained from the Defense Mapping Agency,

Aero space C enter , Geodetic Survey Squadron , F. E. Warren AFB,

Wyoming, where the final simultaneous adjustment of IGSN 71 was

made. The analyses of the effect of new ab solute measurements to

the va riance-cova riance matrix can be accomplished u sing step -by-

step sequential oolutions. A brief outline of a procedure is given

here following the notations and derivations given by Uotila (1973a).

Assuming we have a set of observations L~ which a re  funct ions

of a set of pa rameters, X :

6
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L’ = F1(X~ ). (1)

If A 1 
.~F 1

x ~x
a

where X 0 = app roximate values of the pa rameters, we get linea rized

observation eq uations

V 1 = A 1X 1 + L 1, (2 )

where  V 1 = residuals

X 1 = X ~~ - X o

X~ = adjusted values of pa rameters

L 1 L~~ - L ~

L~ = observed values

L~ F 1(X 0).

The minimum va riance solution gives us:

= — (A~ P 1 A~~~’ A1~ P 1 L 1 (3)

where ‘~~‘ 
~~~ 

variance-covarianc e mat~ix of observations

L~.

The adjusted values of pa rameters are:

X~~= X o + X :

and their va riance-cova rianc e matrix

= (A~ P1 A 1)’ = N~
1 (4)

If we have the second set of observations L~ and their var-

iance-cova rianc e matrix ~ P27’ and a mathematical model:Lb

= F(X 6 ) 
(5)7
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then a combined solution of the pa rameters  is:

x~ x0 + x~ (6)

where

x 2 = -(A1~ P1 A 1 + A~ P2 A 2)

(A\ P 1 A 1 + A~ P2 L2) ( 7)

and
_ _  — 2  ~A2 _
~~x , Lz — L o - L b

L~ = F2(X 0)

The variance-covariance matrix of X~ is:

= (N 1 + A~ P2 A 2 ) ’  (8)

Eq ua tion (8) can be ea sily modifi ed to (Uoti la , 1973b) :

= N~’ - N~
1A~(A2 N~~ A~ + P2 ’y1 A2N~’ (9)

or

- = N~’ A~(A2 N~’ A~ + P~~y’ A2 N~’ (10)

Eq uation (10) gives the differenc e of the va riance-cova rianc e

matrix of pa rameters  as  obtained from the f i r s t  set of observations
and the va riance-cova rianc e matrix of pa rameters obtained using the
f i r s t  set of observations and the second set of observations combined.
In our analyses Ex i could be the va riance-cova rianc e matrix of gravity
values of IGSN 71 ~tations and Exz the new variance-cova riance matrix
of the same gravity  values af ter  new ab solute mea surements have been
added to the net. We are  interested in thi s change in o rde r  to make the
best site sel ec tions for  new ab solute mea surements. Obviously the same
kind of sequential solution can be continued by adding L~ and getting

u sing as starting matrix and so on. We co ~id also add one
observation at a time. For example, we can add a new observation at

8 
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each station, one at a time, and see th e influ enc e of eac h added

observation to the ori gina l ~~~~~~~~~ If we take all 1854 stations we would

have equal number of 
~X 1 - EXZ differences.  Now we must  make a

decision, which one of t~ e new 
a
observation s is giving the optimum

change in the original va riance-cova rianc e matrix. When the

selection is made we have a new EX z for  the net including a new

selected ab solute measurement.  We’ can then find , using simila r

technique s, where the second ab solut e mea surement should be made

using the differenc e - 2
~~~~~

. But how do we select the optimum

EX I - from the 185~4 possibi l i t ies?

According to F edo rov (1972)  there  a re  sev eral p roper t ies

which could be used to determine which one of the two experiments

is the p referred one:

a) Experiment E 1 is p re fe r red  to exp e riment E2 if the

differenc e ~i - 2 is a posi t ive-defini te  matrix or in o ther  wo rd s,E2 E 1
E1 > E2 if ~ ~ where  ~ and ~ a r e  var iance-covar ianceE 1 E2 E1 E1
matrices of the corresponding results of the exp e riments.

b) The second cri terion is

E 1 > E2 if 2E < 
~E1 2

where  2 and I z  a re  de termints  of the va riance-covarianc eE 1 E2
matrices.

c) The thi rd cr i ter ion is:

E1 > E2 if Tr 2 < Tr ~E 1 E2

where Tr 2 and Tr z a re  t races of the variance-covarjanc e
E2

matrices.

d) The four th  criterion is:

E 1 > E2 if the maximum va rianc e of E 1 < maximum va rianc e of E2.

9
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e) E 1 > E~ if the va rianc e of a func t ion  of E 1 .— the va riance

of the same func tion of E .  We could continue with thi s cri teria

of the funct ion, including a - d cr i ter ia  to a set of functions, but

the above is sufficient to show tha t there  a r e  several possibili t ies

fo r  selecting cr i te r ia  to decide which experiment is the “op timum. ”

Some test analyses were done and it was foun d that b and c

of the cr i ter ia  were  not giving muc h different  selections. The

cri teria c and d are  fast  computationall y, but d reflects  a local

improvement and not necessa rily global , therefore  the c-cr i te r ion

was selected to be used in these ana lyses.

If we have three  matr ices A , B and C of the same order

and

A - B = C

then

Tr(A ) - Tr (B)  = Tr(C) .

Letting A = B = and C = N~lAT2 IA ZN~’A~ + P~1]~~ A 2N~
1, it

can be seen tha t the smallest Tr (B)  is produc ed when the Tr (C)

is la rges t  sinc e Tr (A) is inva riant in thi s case. Thus , the pro-

blem of finding the op timum site for  the f i r s t  new ab solute measure-

ment is to find which one of the added observations maximizes the

trace of C.

4. 3 Computational techn ique

If a single, uncorrelated observation, which is a direct ob-

servation of a parameter, is added to the system , it turn s out tha t

the computation of the change in the trace is relatively fast and easy.

Let’s assume tha t a new absolute measurement of gravity is done

at station i. We wish to evaluate the rig ht side of the equation (10).

A2-matrix is a row matrix having zero elements excep t at 1
th

column there is +1 , therefore A2N ’A12 is a number equal to the

10
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va rianc e of gravi ty  value of ~
th s t at i o n  and P~’ i s  a n u m b er  eq ua l

to the va r iance  of the new ab solute :i c a su r cn u n t  a t  t h e  . th  
st i t i ‘ i i .

There fo re , A ,N ,
IAT, 4 P, j i s  a ~,um t f  t h e  sc two \ :i riarl  es and i t s

inverse  is the reci procal  of thi s sum. The m a t r i x  p r udu& I

in thi s case will be equal I t i i t l~ c ol,inin of t he  N - i ~t x a fl(l

A 1N~~ will be the . th 
row of ~hc N m a t r i x ;  t l ~ r e fo  r e , f o r  t l i t

chang e of the t r ace  of C m a t r i x  t h e  ri g ht s ide  of t q u a t i o i  10 , we

need the sum of the squa re s of th ~ ~l t m  t i l l  ~ ~~ 
th  

r . 1 1

matrix mul tip lied by the reci p r .~e a l  of sum of th~ va r i t e  . f ‘h ’  ra ’~ t v
value of ~

th 
station and the va rianc e of the  new ab s o l u t e  fli ca ‘0 r t  T I  e .

The computational p ru~ u du r e  desc ribed abov turned t O t  ‘ h c

simple; the re fo re  it is fea sib le to c omp u te  th t ha n tz t i n  t h e  I

corresponding f o r  each ca Se , w h e r e  eac h one of t h e s t a t i o n s ~v t

occupied by an ab solute appa r a t u s  and  a new a b s o l u t e  n c a s ’ i r e n i en t

of g rav ity  was pe r fo rmed .  T he  ‘‘ op timum ’’ st at ion  to h t  .
~~~ t. upi ed

f i r s t  would be the station , wh ich  produc ed a maximum c h a n ge  in

the t race as desc ribed above.

4.4 Va riance-covarianc e matr ix  of IGSN 71 gravi ty  values

The inverse  of the r iornia l  mat r ix  rec eived f ro m  Geodeti c Surv ey

Squadr on was not the va riance-co ’,a r i ance  ma t r ix  of gravi ty v a l u e s

of IGSN 71 station s, but  a wei g ht coef f i c ien t mat r ix .  There  was an

unknown scale facto r involved.  I t  w a s  solved by compa ring va r i ances

derived f rom standa rd deviation s gi s . cn  in (Morelli , et a l , 1974) and

diagonal elements of the matrix.  Compar ing  283 selected va r i ance s

in IGSN 7 1 with corresponding elem ents of the matr ix , i t  was found

that  the scale facto r was 0.0037788.  A f t e r  multip lying the wei g ht-

coefficien t matr ix  by 0.0037788 , we obtain ed a va r iance-cova rianc e

matrix corresponding to the standa rd e r r o r s  given in (Morel l i , et

a1, 1974). A br i ef examination of standa rd e r r o r s  given f o r  IGSN

71 stations revealed tha t the standa rd er r o r s  seem to be too small.

11 
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For  exampIe~ Was hin gton , 11687 R has a standa rd deviation 0 .0 11

mgal.  The  ma jo r  c o n t r i b u to r  to the  standa rd e r r o r s  i s  the limited

number  of abso lu te  measuremen t s  and t h e i r  d i s tr ibut ion  in the net.

Even if all ten ab solute measurements  used in the adj u stm ent of

1GSN 7 1 wer ’. done a t  a sin gle site with  a c c u r a c ie s  stated in the

p ublication (M orell i , et al , 1974), the standa rd er r o r of the

weig hted mean would have been 0. 0 143 rngal; t h er e f o r e  it is

impossibl e to hav e  a standa rd e r r o r less  than thi s value for  any

g r a v i t y  value in IGSN 7 1 ne t .  A c lo ser  look of weig hting sy stem s

used in the f inal  IGSN 7 1 suggested tha t t h er e  mi g ht have been a

problem in rela tive weig hting of the ab solute measurements  with other

mea surements.  If that was the case , the  gravi ty values of IGSN 7 1

would not change but va r iances  f o r  them would increase.

W e  had available a va r i ance-cova riar iCe matrix of gravity

values for  372 gravi ty  station s c omputed by Uotila using linea r

co r rect i on  t e rm to calib ra ti on of g r a v im e t er s  under AFCRL Cont rac t

No. F 19628-68-C-0335. Compa ring va r iances  of 366 common sta tions

i t was found tha t the above obtained var iance-covar iaf lc e matrix of

IGSN 71 should be multipli ed by 1.90848 in order  to have a reasonable

agreement  b etween these two va riance’-cova rianc e matr ices .  There-

f o r e , the or i g inal weig ht coeff ic ien t matrix of IG SN 7 1 was multipli ed

by 0. 0072 118 16 in or d e r  to obtain the va riance-cova riaflC e matrix of

g rav ity  values of IGSN 71. Tha t  means tha t standa rd devia tion s

given in IGSN 71 publicati on s should be multi p li ed by 11.90848—i. 38 ,

o r , in other  wo rd s , should be i nc r ea sed 38%.

4. 5 Selection of he netwo rk to be  anal y zed

As  was ment ioned above t h e  re a r e  1854 stations in IGSN 71

netwo rk. Many o f  t he se  s ta t ions having  the same ICB-identification

number  a re  so t alled u x e c n t r i c  station s and a r e  hig hly correlated

12
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with one another .  An imp rovement in one would resul t  an imp rov e-

ment in all cxc entric s tat ions and the imp ro~ ement in t r ace  would

reflect  a strong local influence r a the r  than a global one. To

reduc e thi s local dep endency on the t race , a ne t  of 422 station s

was selected from the 1854 IGSN 71 net. The c r i te r ion  fo r  thei r

selection was tha t no more  than one station from given 1GB n u m b e r

was included. Withi n a given 1GB number  the stat ion wi th  the

mo st external t ies  was selected. See Table I l i s t ing of the s tations

and Figure 1 for  the distribution of stations.

4.6 Results of ana lyses

4.6 .  1 World wide ana lyses

A few test run s were  made wi th  the net containing these 422

stations and assuming — 0 .02  mgal accuracy for  new ab solute

mea surements of gravi ty . It was noti c ed tha t the stations having

very large va rianc e were selected as the best candidates fo r  new

absolute mea surements. If these stations w e r e  really selected ,

there would be hardly any improvements el sewhere in the net

exc ept in the va rianc e at these stations; the re fore , the procedure

was modified. We subtracted f rom the t race  the improvement of

the station, where the ab solut e mea surement was made. Thi s

“partial trace ” reflected bet ter , in our opinion , an improvement

in the whole global net.

The results of the new ana lyses  gave the following p r io r i t i e s

fo r  new ab solute mea surements (using 0.02 mgal accuracy f o r  the

new absolute measurements):

1. Nairobi 357 16 A

2. New Delhi 10 187 K

3. Rio Gallegos 51119 K

13
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TABLE I

GRAVITY BASE STATIONS IJ SED IN THE ANALYSIS

U.S. NETS

L1.tlng In 1GB NUMBER order LI St i n g  In ALPHABETICAL order

1GB 1GB
CODE NUNBER NAIIE CODE NUMBER N AME —-

8141 0 KEY WEST I 1 1926 J ALANOGORDO
8150 R MIAM I 1 1 7 1 4  J ALBANY
8160 J WEST PALM BEACH 11956 J ALBUQUE RQUE
8170 K VEBI) BEACH 1195 1 J AMARILLO

U 8172 J TAMP A 1 11734 .1 ATLANTA
8180 J COCOA U 11734 K ATLANTA
8181 K ORLAN DO 1 1807 K AUSTIN

1 8191 .J DAYTONA BEACH 15148 J BAN GOR
U 8191 0 DAYTONA BEACH 11720 J BEAUFORT
U 8277 J CORPUS CHRIST I 15558 L BILLINGS

8279 J LAREDO U 15558 N BILLINGS 11 ITT
I 8289 B COTULLA 15560 K BISMARCK

8290 J NEW ORLEANS 15636 J BOISE
8295 J HOUSTON 1522 1 J BOSTON
8298 N SAN ANTONIO I 11711 J BRUNSWICK

U 1 1629 J CHARLESTON J U 11711 K BRUNSWICK
1 1 1 2 9  L CHARLESTON 15228 J BUFFALO

11649 J FLORENCE/S .CABOLINAO 15167 J CARIBOU
11658 J RALE IGH 15526 L CASPER
11 677 J RICHMOND 1 11629 L CHARLESTON
11687 N WASHINGTON II 11629 J CHARLESTON J
1170 1 J JACKSONVILLE 11750 J CHARLOVI E

I 1 171 1 .1 BRUNSWICK 15514 N CHEYENNE
U 1 1711 K BRUNSWICK 15317 H CHICAGO

11714 J ALBANY 8180 J COCOA
11720 .1 BEAUFORT 15303 J COLUMBUS
11721 J SAVANNAH U 8277 J CORP US CHRIST

1 11734 J ATLANTA 1 8289 B COTULLA
U 11734 IC ATLANTA U 15682 B CUTBAN K B

11750 J CHARLOTTE 11826 J DALLAS
11753 J KNOXVILLE 1 8191 J DAYTONA BEACH
11759 J MEMPHIS U 8191 0 DAYTONA BEACH

I 11785 J LOUISVILLE I 1 1994 A DENVER
11807 K AUSTIN U 11994 N DENVER N ~O
11826 J DALLAS 15323 J DETROIT
11842 J LITTLE ROCK I 15462 J DULUTH
11877 J WICHITA 11916 J EL PASO

1 11880 L ST. LOUIS 12181 J FAIRF IELD
U 11880 N ST. LOUIS N N I 15466 J FARGO
I 11894 J KANSAS CITY 11649 J FLORENCE’S.CARGLINAe
U 11894 K KANSAS CITY 15416 J FRENONT

11 916 J EL PASO 1 15477 N GRAND FOBICH
I 11 926 J ALAMOGORDO 11998 J GRAN D JUNCTION
1 1193 1 J LUBBOCK 15671 L GREAT FALLS

11 95 1 J AMARILLO 8295 J HOUSTON
11956 J ALBUQUERQUE 1 170 1 J JACKSONVILLE

1 11994 A DENVER 1 11894 J KANSAS CITY
U 11 994 N DENVER N CO U 11894 K KANSAS CITY

11998 J GRAND JUNCTION 8141 0 KEY WEST
12027 K SAN DIEGO 11753 J KNOXV I LLE
12032 J PHOENIX 8279 J LAREDO
1 2038 K LOS ANGELES 12065 J LAS VEGAS

U 12047 K NORTON AFB IC 11842 J LITTLE ROCK
12065 J LAS VEGAS 12038 K LOS ANGELES
12099 J RENO I 11785 J LOUISVILLE
12172 0 SAN FRANCISCO 1 11931 J LUBBOCK
12181 J FAIRFIELD 1 15339 A MADISON
15148 J BANGOR U 15339 J MADISON J WI
15167 J CARIBOU 1 15722 J MEDFORD
15203 H NEW YORK CITY 11759 J MEMPHIS
15204 J PRINCETON 8150 H 111AM!
15209 J PITTSBURG 1 15212 J MIDDLETOWN

CODE : I ~> ICSN7 I net only, U > UAU net only, NO CODE ~) conmo n to both neta
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T\HLF I ( c o n t i n u e d)

U.S. NETS (co nt Inu ed )

L1~~tin g In ICR NUMBER order L1t~t ln g in ALPHABETICAL order

1GB 1GB
CODE NUMBER NAME CODE N UMBER NAME 

U 15212 A MI DDLET O WN A U 15212 A M IDDLET O WN A
1 15212 J MI DULE T O W~ 15443 L M I N N E A P O L I S

1522 1 J BOSTON 1 15581 L MI N O T
15228 J BUFFALO 8290 J NEW OIU.LANS
15230 J PORTLAND/MA INFA 15203 R NEW YORE CITY
15236 J SYRACUSE U 12047 K NORTON IFB K
15303 J COLUMBUS I 156 H J OGIWN
15317 H CHICAGO 8181 K ORL ANDO
15323 J DETROiT 12032 • 1 I R O E N I X

1 15339 A MADISON 15209 J PITTS BURG
U 15339 J MADISON J W I 15230 J PORTLAND ’ MA1 NE ~U 154 14 J STUART 15752 J PORTL~ N !,/t) J UGO N~15416 J FREPIONT 15204 J P R I N C E T O N

15426 J SIOUX CITY 116 58  J R A L E I G H
15436 J SiOUX FALLS 15543 J RAP II )  C ITY
15443 L MINNEAPOLIS 12099 J RENO

I 15462 J DULUTH 11677 J RIC HM ON D
1 15466 J FARGO U 15601 K SAL i’ LAKE CIT
I 15477 N GRAN D FORKS 1 15601 J SALT LAK}: C I T Y

15514 N CHEYENNE 8298 P1 SAN ANTON I O
15526 L CASPER 12027 K SAN D IE G O
15543 J R A P I D  CITY 12172 0 SAN FR IISCO
15546 J SHERIDAN 1172 1 J SAVANN AH

1 15558 1. BILLINGS 15772 P SEATI1.F;
U 15558 P1 BILLINGS N MT 15546 .J SHERIDAN

15560 K BISPIARCK 15426 .1 SIOUX CITY
I 15581 L NINOT 15436 J SIOUX FALLS
I 15601 J SALT LAKE CITY 1 15677 J SPOKAN E
U 15601 K SALT LAKE CIT 1 11880 L ST. LOIJIS
1 15611 J OGDEN U 11880 N ST. LOUIS N N

15636 J BOIS E U 15414 J STUART
15671 L GREAT FALLS 15236 J SYRACUSE

1 15677 J SPOKAN E U 8172 J TAMP A
U 15682 B CUTBANK B 8170 K VERO BEACH
I 15722 J IIEDFORD 11687 N WASHINGTON

15752 J PORTLAND/ORECONO 8160 J WES1’ PALM BEACH
15772 P SEAT’ LE 1 1877 J W I C H I T A

NORTH AMERICAN NETS exc lud ing U.S . NETS

U 889 A PAN AMA A 4669 K AC APULCO
1 089 M PANAMA 1 231 19 K ANCHORAGE
U 899 J CRISTOBAL U 23119 J ANCHORAGE J

994 K SAN JOSE 26703 J BARTER ISLAND
4526 K MANAGUA 19214 J CALGARY
4539 K SAN SALVADOR 2236 I J CAPE DYE R
4640 K GUATEMALA U 19084 R CHURCHILL H

U 4640 11 GUATEMALA N U 899 J CRI STOBP%.L
4669 K ACAPULCO U 23049 K DAWSON
4698 A PASO BE CORTES 19233 N EDMONTON
4699 A MEXICO CITY 26195 K EUREKA
8320 K SAN LUIS POTOS1 23147 K FAI RB AN KS
8350 K NONTEBBEY 18788 J FORT CR111 0
15239 J TORONTO U 19382 J FORT NELSON
13253 J MONTREAL 19360 1. FORT ST. JOHN
15255 J OTTAWA 22338 J FROB ISIIER BAY
15261 J QUEBEC 18730 J GOOSE BAY
15282 J ROBERVAL 19258 K GRANDE PRA IRIE
15497 0 WINNIPEG 4640 K GUATE MALA
15692 A LETI{BRIDGF. U 4640 N GUATEMALA N

U 15793 J VANCOUVER J 22581 J HALl. BEACH
I 15793 N VANCOUVER 15692 A LF.THBRI [)CF.

18730 J GOOSE BAY 1 22485 .1 LONGST\FF

CODE: I > ICSN7 I net only . U ~) UAU net only, NO CODE ~> co ,nmon to both ne te

15

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
44



r 
- -- 

. .  
~~~~~~~~~~~~~~~ .—

TABLE 1 (contIn ued)

NORTH AMERICAN NETS excludIng U .S. NETS (contI nued )

LtAt lng In 1GB NUMBER order Lis t lug I n ALPHABETICAL .rder

1CR 1GB
CODE NUMBER NAME CODE NUMBER N AME 

18746 J SCHEFFERV I LLE 4526 K MAN AGUA
18788 J FORT CII I NO 4699 A MEXICO CITY

U 19084 II CHURCHILL R 8350 K MONTERREY
19214 J CALGAR Y 15253 J MONTREAL
19223 \ RE t) I)EE II 26469 0 MOULD BAY
19233 N EDMONTON U 23 12 1  B NORT HWAY
19258 K GI1ANDE P R A I R I E  15255 J OTT AWA
19860 1, FORT ST. JOHN I 889 11 PAN AMA

U 19382 J FOWl’ NELSON U 889 A PAN AMA A
22338 J FROBISHER BAY 4698 A PASO DE CORTES
2236 1 J CAP E DYE R 26816 A POINT BARROW

I 22485 J IONCSTAF F 1526 1 J QUEBEC
22581 J HALL BEAC h 19223 A RED DEER
22908 L WATSON LAKE 26244 K RESOLUTE BAY
23005 A WHITEHO RS E 15282 J ROBERVAL

U 23049 K DAWSON 994 K SAN JOSE
U 23119 J ANCHORAGE J 8320 K SAlt LU 1S POTOS I
I 23119 K ANCHORAGE 4539 K SAN SALVADOR
U 23120 A SNAG 18746 J SCHEFFERV I LLE
U 23121 B NORTHWAY 11 23120 A SNAG

23147 K FAIRBANKS 15239 J TORONTO
26195 K EUREK A I 15793 H VANCOUVER
26244 K RESOLUTE DAY U 15793 J VANCOUVER J
26469 0 MOULD BAY 22908 L WATSON LAKE
26703 J BARTER ISLAN D 23005 A WEITEIIORSE
26816 A POINT BARROW 15497 0 WINNIPEG

WORLD NETS exclud ing NORTH AMERICAN N ETS

150 K ACCRA U 41752 J MARYBOROUGR
I 154 1. AR IDJAN 1 154 L AB IDJAN
1 260 K MONROV IA 150 K ACCRA
1 293 .1 CONAKRY 3398 K ADDIS ABABA

655 .1 PARAMAR I BO 6824 J ADEN
668 .1 GEORGETOWN 10909 J AGAD IR

U 793 K MA’I’URIN 18040 J AGEN
826 K POPAYAN 10177 J AGRA
836 K CAL l 10132 J AII MEDABAD
844 K BOGOTA I 45466 K ALBURY
865 K MEDELLIN I 29522 J ALERT

U 2087 J KWA JALEIN I 14463 J ALGIERS
2613 A SINGAPORE I l t3fi5 T AL ! TERME

U 2622 J MALACCA .933 J ALICE SPRINGS
263 1 J KUALA LIJMPUR .~093 .1 ALTA
2650 J PEN/INC I 3714 J ANR ITSAR
2670 J SONGKHLA U .7904 J ANGR I J
2969 J COLOMBO I 14192 J AN KARA
3302 J ENTEBBE 4371 J ANTIGUA
3390 K ADDIS ABABA 40430 K ANTOFAGASTA

1 3548 J BANGU I I 21572 K APELVIKSAAS
3609 II LIBREVILLE U 21572 J APELVIK SAA S J
3649 J UOUALA 3686 1 K ABEQUIPA
3663 J LAGOS 36880 K AR 1CA

1 3728 J BAMAKO 32674 J ASCENSION ISLAND
8036 J BA1’HUBST 1 6958 K ASMARA
3846 J NBOUR- DAKA R U 6958 A ASMARA A
3885 J NOUAKC ROTT 40257 J ASUNC ION

U 3962 J CAPE VERD E IS 1 10542 K ASWAN
4301 J PORT OF SPAIN U 45164 C AUCKL AND
4306 K CARACAS 1 1 18 7  J AZORES

1 434 ) J ST. LUCIA 1 21510 A BAD HARZBURC
4371 J AN TIGUA U 21510 C BAD HABZBURG

1 4374 J ST. CROIX I 21609 J BAIl HERSFELD

CODE: I r) IGSN7 I n e t only. U ~> UAU net only, NO CODE > cornno n to both netn
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TABLE I (co nt inued )

WORLD NETS exc ludIng NORTH AMERICAN NETS (contInued )

L Is ting In 1GB NUMBER order L ISt lug in ALPHABETICAL order

1GB 1GB
CODE NUMBER NAME CODE N UMBER N AME 

4386 J SAN JUAN 2 1500 L BAD NEUSTADT
4387 K HA NEY 43982 K BAHIA BLANCA
4404 J H ARRAN QIJ ILLA I 3728 J BAHAKO
.47~ J KINGSTON 17990 B BAMBEHC RUt )

U 476 L K I N G R ’roN L 10052 J BANARAS
I 4482 J l’OIIT AU PRINCE 1 6537 J BANGALORE
I 4487 J MO N’I ’EGO BAY 6230 J BANGKOK
I 4495 J GI J AN T ANA 7I O 1 3548 J BANGU I
U ~293 J HAWAII ISLAN D U 6230 N BAN KOK
U 5696 J WAKE ISLAN D J 18012 J BARCELONA
I i~~96 N WAKE ISLAND 25 198 K B ARDUFOSS

5834 N GUAM 4404 J BARRAN QU1LLA
6054) 1. MANILA P1836 J BATIIUBST
6206 J SAIGON 46622 J BEAUFORT WEST
6230 .J BANGKO K 14135 J BEIRUT

U 6230 P1 BANKOK 32918 L BELEN
6366 K RANGOON I 36593 J BELO HORIZONTE

I 6430 J MADRAS 11524 J BERMUDA
1 6537 J BANGALORE U 11524 K BERMUDA
1 6578 J 1WD ERABAD 1 17905 L BIVIO GIUNGANO
1 6592 J BOMBAY 25174 J B000

6824 J ADEN 844 K BOGOTA
6952 K KHARTOUM I 6592 J BOMBAY

1 6956 J TESSENEI U 21523 W BRANDENBURG
II 6958 A PtSNARA A 21520 C BRAUNSCHWEIG
I 6958 K ASMARA I 36557 J BRAZIL IA

6997 K PORT SUDAN I 21638 K BRE ME N
1 7228 J KANO 41773 J BRISBANE
I 7232 J NIAMEY 46603 J BRI STO WN

7407 .7 PORT ETIENNE 1 21604 S BRUSSELS
7485 J GRAND CAN ARY U 21604 L BRUSSELS
8806 C MAUI ISLAND I 43840 J BUENOS AIRES
8817 J OAHU-1IONOLUL U U 43848 K BUENOS AIRES

I 9087 J MIDWA Y 1 43008 K BULAWAYO
965 1 J TA IPEI I 21523 V BURG
9667 J KA& )E N A 38265 A CAIRNS
9724 L IIONG KONG 10591 N CAIRO

10028 J CALCUTTA 10028 J CALCUTTA
10052 J BANARAS 836 K CAL l
10060 J LUCKNOW 1 40111 J CAMEOS
10132 J AIDIEDABAD 45459 J CANBERRA
10143 J UDAIPUR 1 43858 J CANUELAS
10165 J JAIP U R U 3962 J CAFE VERDE IS
10177 J AGRA I 46738 A CAPETOWN
10 187 K NEW DELHI U 46738 K CAPETO WN K
10511 K WAD I IIALFA 4306 K CARACAS

I 10542 K ASWAN I 36479 J CARAVE LAS
I 10552 K LIJXO R 47503 K CARMEN DO PATACONES

10591 P1 CAIRO 1 32977 J CAROLINA
10909 J AGAD IR 10937 J CASABLANCA
10937 J CASABLANCA U 17930 N CASTIGLIONCEL
10955 J TANG IER U 14375 B CATAN IA B

U 10966 K ROTA 1 14395 N CETRARO
10989 K LISBON 18070 K CHATEAU RENAULT
1 1 187 J AZORES 48732 K CHRISTCRURCH
11524 J BERMUDA U 38726 J COCOS ISL . J

U 11524 K BERMUDA 1796 1 J COLLE ISARCO
1 13080 A TOHOICU 2969 J COLOMBO

1311 0 A KAGOSHIMA 47557 K COMODORO RIVADAV IA
13 120 A KUMAMOTO 1 293 J CONAKEY

U 13130 A KYUSHU I 21552 K COPENHAGEN
13 145 J ITA PtI U 21552 C COPENHAGEN C
13155 C KYOTO 43914 K CORDOBA

1 13159 C TOKYO 35769 K DAR ES SALAMI

CODE~ I ~) ICSN7 I net only, U ‘> UAU net only. NO CODE ~> coelmo n to both nets
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TABLE I (continued)

WORLD NETS e xclud ing NORTH AMERICAN NETS (contInued )

L i sting In 1GB NUMBER order LI stIng in ALPHABETICAL order

1GB 1GB
CODE NUMBER N AME CODE N UMBER NAME 

U 13159 N TOKYO N I 38320 A DARWIN
U 13276 J SEOUL U 38320 J DARWIN J
1 13707 J NOIIAN 13708 A DERRA DUN

13708 A 1)EHRA DUN U 14395 L DIAMANTE
1 13714 J APIR ITSAR 3649 J DOUALA
I 13849 J KABUL 48750 D DUNED IN
1 1395 ) J TEHERAN 1 18153 J EDINBURGH

141)2 K PORT SAID U 18153 0 EDINBURGH
14135 J BE IPUT 21550 P EIBY

I 14192 .1 ANKARA 3302 J ENTEBBE
14323 A TR I POLI I 14374 T ETNA KM 15-16

U 14374 P ETN A P U 14374 P ETNA P
I 14374 ‘I’ E I’NA KM 15—16 14386 J FALERNA MAR INA
U 14375 B CATAN IA 8 25175 J FAUSKE
1 14375 X S. BEHN ARDO I 1794 1 F FERRARA
U 14385 J GALAT I J 1 40178 J FLOR1AN OPOLIS
1 14385 T ALl TERNE 25142 H FORIIOFOSS

14386 J FALERN A MAR I NA 32838 J FORTALEZA
U 14395 L DIMIAN TE I 21608 0 FRAN KEURT
I 14395 N CET RARO U 21608 P FRAN KE URT P

14396 J S. LUC 1110 U 21609 T FULDA
I 14463 J ALGIERS II 14385 J GALATL J

14492 J NALLORCA 668 J GEORGETOWN
14503 P1 MADRID I 18154 P GLASGOW
16601 J NISAWA I 36569 J GO I AN A
16631 K SAPPORO I 41792 K GRAFTON

I 1665 1 A WAKKA IIA1 7485 J GRAN D CAN ARY
U 17904 J MiGRI J 5834 N GUAM
1 17904 P LICOLA 1 4495 J CUANTANANO
U 17905 J POliTE FARAONE 33229 K GUAYAQU1L
I 17905 L B IV IO GIUNGANO 59520 J HALLETF
1 17912 A ROME 25101 K HAMAR
U 17912 N ROME N 21639 B HAMBURG

17913 N ?IINTURNO 28603 A HAMMERFEST
17921 J PODERE SPINETA U 21629 A HA.NNOVER A

1 17930 J QUERCETA I 21629 K HANOVE R
IJ 17930 N CASTIGL I ONCEL 45196 J HASTINGS
I 17940 J LUZZABA U 5295 J HAWAI I ISLAND
U 17940 P RICO 21521 J HEL?~~TEDT
I 17941 F FEIIRARA U 21562 J L ELSINGBORG J

17950 J PERI I 21562 T HELSINGOR
17951 G ROVERETO I 25004 A HELSINK I
17961 J COLLE ISARCO U 25004 5 HELS I NKI S

U 1797 1 K INNSBRUCK I 25229 U HJERICINN
I 17971 IC STAFFLAC H U 21581 J HOGSTORP J

17972 1. N I E DE RA UDORF 9724 L HONG KONG
U 17981 C MUNICH C I 6578 J HYDERABAD
I 17981 .1 MUNICH U 17971 K 1NNSBRUCK

17990 II BAIIBERG SUD 40400 K IQUIQUE
U 17991 0 NIJRNBERG I 83233 J IQUITOS
I 1799 1 P NEUSES 13145 J ITAM I

180)2 J BARCELONA 25087 J IVALO
18022 J PERPEGNAN 10165 J JAIPUR
18030 L TARBES 43068 L JOHANNESBURG
1803 1 .J TOULOUSE I 13849 J KABUL

1 18033 J NARBONNE 966? 3 KADENA
1 18035 C MA RSEILLES 13110 A KAGOSHIMA
U 18037 J N I CE 1 7228 J KANO

18040 J AGEN U 21619 R ICASSEL OST
18049 H PIASTRA 1 45312 J KENPSEY
18050 J MONTIGNAC 6952 K KEARTOUM
18059 J M ILAN 43084 K KIMBERLEY
18060 K POITIERS 1 4476 J KINGSTON
18070 K CHATEAU RENAULT U 4476 L KINGSTON L

CODE : I ~> ICSN7 I ne t only, U > UAU net only, NO CODE ~> commo n to both nets
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TABLE I ( c o n  I i  nocd

WORL D NETS cxc lud lug NORTH AME R ‘:r ~ N ETS ( cc  n I l  n i i .  4 )

LI s t i ng I n  ICR NUN 1ILR o r’ I— r LI  t ng In ALPHABETICAl .  n r de

1GB I C R
CODE NUMB ER — — - - -  — N  ‘~1 - - — —— — — CO0F~ NUPUIF:R — — — — - N A M E - -  

18082 0 PARIS 35945 N K I N SIJAS A/LEOPO L D VI LL
I 1 8 1 1 0  A ‘FF1111 Y( ; ‘( I N 263 1 J KUALA I UN PU B
U 18110 J TEEM ) ! NL i ’~ .1 13 I 211 A KUMAPtOi’~)I 18153 J FIJ I N I l i l i t t i l  U 2087 J K (~AJ A l !  I N
U 18i53 0 E D I N I I U R G H  13155
1 18154 I’ C I ~~~~~~~ U i 3 i 3 o  A K Yf ~~~ IT
1 18165 J OBAN I 867614 A IA P\J

2 1500 L BAD N E t S I APT U 36768 I t ’  }.t’Z J
I 2 !51O A B\i li%Itijt’’~li , 3663 3 I .\C415
U 215 10 i B \ I )  1131(1,1’ 46630 J LA I

21320 C Bi tA UN S~~U4~L P  2516 5 K LEIRJO R I )F ALL
2 1521 J 1IELMSTEDT 3609 Ii L I  EIRE~ I LEE

1 21528 A POTSDAJI 1 17904 P L I C O L A
I 21523 V BURG 25 110 1’ L I L L E H A U M E R
U 21523 W BRANDENBURG 36827 K I l M ~21530 L ST OOKELDORF — FvK! ’  ~ lit 10989 K L I SB O N
I 21540 .J R I C K L I N C  U 43055 B l OIIATS I

21550 P E I B Y  U 42~ 5~ J LOURENCU MARO
2 1351 J RIN CSTED 1159*13 3 LU~~~)) A

U 21552 C COPENHAGEN C 10060 .J I ” ~KT~ I t ~1 2 15 5 2  K COPENHAGEN 39458 3
U 21562 J IWL SING BORG J 1 10552 K LUXO R
I 21562 T BEES INCOR 1 17940 J L 1I’/2ARA

2 1563 J V ? I N G E  KE . 4 1 8 1 9  .3 MACKA Y
2 1571 J S. ER ISTINA I 6430 3 MAI)BAS

U 2 1572 J AP E LVI KH AA S 3 14503 N M A D R I D
1 21572 K AFELV 1K SAAS 2 5 1 3 1  K NAFRE
U 21581 J HOGSTORP .1 2 5 i 5 3  K NA J A VA TN
1 2 1581 Q TANUM U 2622 J MALACCA

2 1590 K OSLO 14492 3 MALLORC A
2159 1 J SV 1NE SUNDE 1 33039 .1 MANAUS

1 21597 K STOCKHOLM 6050 L M A N I L A
U 21604 L BRUSSELS 1 59637 J M ARBL E POINT J
1 21604 S BI1(J SSELS 1 18035 C MARSEILL ES
1 21608 0 FRANKF URT 1 41752 A MARYBORIJUGH
U 21608 P FRANKFURT P U 793 K MATE R IN
1 21609 J BAD HERSFELI’) 8806 C M A U I  I SLAND

U 21609 T FULDA 42707 J N A U T I I T I U S  ISLAND
U 216 19 H K ASSEL OST U 42961 B MB%I3AN E
1 2 16 1 9  V ME L SUNG F .N — BE UE RN I 35783 K MBEYA
U 21629 A JIANNOV ER A 3846 .J Pffi Ot T R—D AK AR
1 2 1629 K HANO~ ER 59676 C MC PIUR D() SOUND
I 2 1629 H SOL TA IJ 14~ 5 K MEI)ELLIN
I 2 1638 K BREMEN 45474 N MELBOUFINE

21639 B HA MB URG I 2 1 6 1 9  V MEL SIJN CEN-BEUE BN
21649 F REN DS BUR G 21 6 59  1 MI I ) P E L FA RT
21659 J M I DD EL FA RT I 90*17 J M I I 1 % ~,\Y

1 21716 P 1~ ERAA 1 13059 3 N I LAN
2I94t K REYKJAV IK 17913 N N INTURN O

U 22270 3 SONDRESTRO PIFJ 16601 J NISAW A
1 25004 A h ELSINKI 25164 K M O - I — B A N A
U 25004 5 H E L S I N K I  S 1 13707 J MOHAN
1 25045 J OULU U 35749 1) MO MB AS A

25065 J ROVANE IMI 1 260 K MONROVIA
25087 3 I VALO I 4487 .1 MO N TECO BAY

1 25090 J S’ORKJOSEN 43846 K MONTEV I DEO
25093 J ALTA 18050 3 MONTIGNAC
25101 K HAT’IAR 1 35737 K P105111
25110 P LILLEHANNE R I 41909 .1 NT. ISA
25 120 J SOKNE DAL I 17981 .1 M U N I C H
25 1 30 L TRONOH E IM U 1798! 1’ M u N I C h  C
25 13 1 K MAERE 1 35716 A N A I R O B I
25142 H FORMOFOSS U 337 16 N N A I R O B I N
25 1 43 J V E I S K I I . L E  37977 3 N A N D I - F I J I  ISLAND

CODE: I ~> IGSN7 I net only, U ~) IJAU net only. NO CODE r )  commo n to both nets
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TABLE I (co ntinued )

WORLD NETS exc l uding NORTH AMERICAN NETS (continued )

Li s ting In 1GB NUMBER order Li sting in ALPHABETICAL order

1GB 1GB
CODE N UMBER N AME CODE NUMBER NAME 

25 153 K MAJ AVATN I 18033 J N ARBONNE
I 25163 .1 SKANDAL 25)87 K NARVIK

25 164 K MO-h-RANA 39428 IC NDOLA
25165 K LEIRJORDFAL L 1 1799 1 P NEUS ES
25 174 J BODO 10187 K NEW DELHI
25175 J FAUS KE I 7232 J N1 ANE Y
25 187 K NARV IK U 18037 J NICE
25198 K BAIWUFOSS 17972 L NIEDERAUDO BF
25 199 J TRON SO 3885 J NOUAKCHOVI ’
25219 Q VINSTB .A 1 39525 J NOVA LISBOA J

U 25229 L OPPDAL L U 17991 11 NURNBERG
1 25229 U HJ II RK 1NN 8817 J OAHU-HONOLULU

25968 K T}IULE 1 18165 J OBAI3
28603 A HAMMERFE ST U 25229 L OPPDAL L

1 29522 J ALERT 40334 K ORAN
32674 .1 ASCENS ION ISLAND 21590 K OSLO
32838 J F081’ALEZA I 25045 3 OULU

U 82884 J RECIFE J 1 3784 1 L PAGO PAGO
1 32884 L RECIFE U 37841 3 PAGO PAGO

3291 8 L HELEN 655 J PARANAR I BO
I 32977 J CAROLINA 18082 0 PARIS
1 33039 J NANAUS I 43812 J PELOTAS
I 33184 J ‘FEFE 2650 J PENAN G

33208 K QUITO 17950 J PER!
33229 K CUAYAQUIL 18022 J PERP IGNAN

I 33233 J IQUITOS 1 45715 P PERTH
3334 1 K TALARA U 45715 A PERTH A

I 357 16 A NAIROBI 18049 R PIASTEA
iT 35716 N NAIROBI N I 43039 K PIETEES BURC
1 35737 K MOSHI 17921 J PODERE SP INETA
U 35749 0 NOMBASA 18060 K POITIERS

33769 K DAR ES SALAAM U 17905 J PONTE FARAONE
I 35783 K NBEYA 826 K POPAYAN

35945 N KINSHASA/LEOPOLDVILL I 4482 J PORT AU PRINCE
33983 J LUANDA 7407 J PORT ETIENNE

I 36428 J SALVADOR 4301 J PORT OF SPAIN
I 36479 J CARA VELAS 14112 K PORT SAID
1 36508 J PORTO NATIONAL 6997 K PORT SUDAN
1 36557 J BRA ZIL IA I 43801 J PORTO ALECRE
I 36569 J GO I ANA 1 36508 J PORTO NATIONAL
1 36598 J BEE.O IIOR1ZONTE 1 21523 A POTSDAM
I 36768 A LA PAZ 43058 A PRETORIA
U 36768 3 LA PAZ J 47575 K PUERTO DESEADO
U 36773 J SANTA CRUZ I 4761 2 J PUERTO nowrr

36827 K LIN A 51108 K PUERTO SANTA CRUZ
3686 1 K ARE QUIPA 51230 L PUNTA ARENAS
36880 K ARICA 1 17930 J QUERCETA

U 37579 13 TAHITI 33208 K QU ITO
U 3784 1 J PAGO PAGO 4387 K RAMEY
I 3784! L PAGO PAGO 6366 K RAN GOON

37977 J MA RDI-FIJI ISLAND 1 32884 L RECIFE
38265 A CAIRNS U 32884 J RECIFE J
38296 N TOWNSVILLE 21649 F RENDSBURG

1 38320 A DARWIN 21941 K REYKJAVIK
U 38320 J DARWIN J I 21540 J RIC~~~lN C
U 38726 J COCOS ISL. J U 17940 P RICO

3937 1 N SALISBURY 21551 J RINGSTE D
39428 K NDOLA 43934 K RIO CUARTO
39458 J LUSAKA 40123 A RIO DE JANEIRO
39475 K VIC TORIA FALLS 51119 K RIO CALLECOS

1 39525 J NOVA L1SBOA 3 51137 L Rio CHANDE
I 39543 3 SA DA BANDEIRA 41730 K ROCKHAIIPTON

40100 .7 V ITORIA 1 17912 A ROME
1 401 11 .1 CAMPOS U 17912 N ROME N

CODE: I :) ICSN7 I net only, U ~> UAU net only, NO CODE ~) commo n to both nets
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TABLE I (continued)

WORLD NETS exc l ud ing NORTH AMERICAN NETS (continued)

List ing in ICR NUMBER order Lti4 ting in ALPHABETICAL order

ICR 1GB
CODE NUMBER NAME CODE NUMBER N AME 

40123 A RIO DE JANE IRO 43920 K ROSARIO
40136 J SAO PAULO U 10966 K ROTA.

I 40178 J FLORIAIIOPOLIS 25065 J ROVANEIPI I
40257 J ASUNC ION 1795 1 G ROVERETO
40334 K ORAN 1 14375 X S. BERN ARDO
40345 K SALTA 21571 J S. KEISTINA
40365 L TUCUNAN 1 4396 J S. LUCJI)O
40374 K SANT I AGO ESTERO 1 89343 J SA HA BAN DEI RA
40400 K IQUIQU E 6206 J SAIGON
40420 K TOCOP ILLA 3’)37i N SALISBURY
40430 K AIITOFACASTA 40345 K SALTA
41730 K ROCKHAMPTON 1 36428 J SALVADOR

I 41752 A MARYBOROUGH 4386 J SAN JUAN
U 4 1752 J NARYBOBOUCE 47597 K SAN J IlL IAN

41773 J BRISBANE U 36773 J SANTA CRUZ
1 41792 K GRAFTON 1 44030 A SAN T i AGO

41819 J MACKAY 40374 K SANTIAGo ESTERO
1 41909 J NT . ISA U 44030 K SANTIAGO K
I 4 1933 J AL I CE SPRINGS 40136 J SAO PAULO

42707 J NAURITIUS ISLAND 16631 K SAPPORO
U 42952 3 LOURENCO MARQ U 13276 J SEOUL
U 42961 B MBABAN E 2613 A SINGAPORE
I 43008 K BULAWA YO 1 25163 J SKAMBAL
1 43039 K PIETERSBURC 25)20 J SOIU (EDAL
U 43055 B LOBATSI 1 21629 R SOLTAU

43058 A PRETORIA U 22270 3 SONDRESTROMEJ
43068 F. JOHAN N ESBURG 2670 J SONGKIILA
43084 K KIMBERLEY 1 23090 J SORKJOSEN

1 43801 J PORTO ALEGRE 1 4374 J ST. CROIX
1 43812 J PELOTAS 1 4341 J ST. LUCIA

43846 K MONTEVIDEO 1 1797 1 X STAFFLACH
1 43848 J BUENOS AIRES I 21597 K STOCKHOLM
U 43848 K BUENOS AIRES 24530 L STOOKELDORF-FACKRNBU
I 43858 J CANUELAS 21591 J SVINESUNDE

43914 K COItDOBA 4533 1 J SYDNEY
43920 K ROSARIO U 37579 13 TAHITI
43934 K RIO CUARTO 965 1 J TAIPE I
43982 K BAIIIA BLANCA 3334 1 K TALARA

I 44030 A SANTIAGO 10955 J TANG I ER
U 44030 K SANTIAGO K 1 21581 0 TANUI I
U 44031 K VALP ARA 1SO 18030 L TARBES
U 45164 C AUCKEAND I 18110 A TEDDINCTON

45196 .J HASTINGS U 18110 J TEDDINGTON 3
I 45312 J KEPIPSEY 1 33134 .1 TEFE

4533 1 J SYDNEY I 13951 J TEHERAN
45459 J CANBERRA 1 6956 J TESSENE I

I 45466 K ALBURY 25968 K THULE
45474 N MELBOURNE 40420 K TOCOPILLA

U 45715 A PERTH A 1 13080 A TOHOKU
I 45715 P PERTH 1 43159 C TOKYO

46603 J BRISTOWN U 18159 N TOKYO N
46622 J BEAUFORT WEST 1 803 1 J TO ULOUSE
46630 J LA INGBURG 38296 N TOWNSV 1LLE

I 46738 A CAPETOWN 47535 K TIIELEW
U 46738 K CAPETOWN K 14323 A TRIPOLI

47503 K CARMEN DE PATAGONES 26199 J TROPISO
47535 K TRELEW 25130 L TRONDREIII
47557 K COMODORO RIVADAV IA 40365 L TUCUMAN
47575 K PUERTO DESEADO 1 21716 P TVERAA
47597 K SAN JUL I AN 101 43 J UDA IP UR

1 47612 J PUERTO MONTT 51148 L USH1JAIA
48714 K WELLINGTON U 4403 1 K VALPARAISO
48732 K CHI1ISTCHURC H 21563 J VEINGE KR .
48750 0 DUNED IN 25143 J VEISKILLF .

CODE: 1 r>  ICS1!71 net only, U > UAU net only, NO CODE ~> comn’nn to both nets
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TABLE 1 (contInu ed)

WORLD NETS exc lud ing NORTH AMERICAN NETS (cont inued)

Listing In 1GB N UMBER order Listing in ALPHABETICAL order

1GB 1GB
CODE NUMBER NAME CODE NUMBER NAME 

51108 K PUERTO SANTA CRUZ 39475 K VIC TO RIA FALLS
5 1 1 1 9  IC RIO GALLECOS 25219 Q VINSTRA .
51 137 L RIO GRANDE 40100 3 VITORIA
5 1 148 L USHUAIA 10511 IC WAD I HALFA
51230 L PUNTA ARENAS I 5696 N WAKE ISLAND
59520 J RALLETT U 5696 J WAKE ISLAND J

I 59637 J MARBLE POINT J I 1665 1 A WAICKANAI
59676 C MCPIURDO SOUND 48714 K WELL INGTON

CODE: I => IC.”N71 net only , U ~> UAU net only, NO CODE > comm on to both ne ts

22



&fl
~~~~~~~~~~

I! 

C

u

~~ 7)

_ _ _  _ _ _  —~~~~~~~ 

~~~~~~~~~~~~~~~~~~~ ~~ ~

4 1 • ~J
L1~~~~

\IIn_ \ . 
I

V
II

JI ________________  -— L



_ _ _ _ _  _ _ _ _ _  

-- -- -- -—-- — ——--

4. Bogota 884 K

5. Bodo 25174 3

6. M a r y borou g h 41752 A.

Dur i ng and a f t e r  t hese  anal yses  were  don e , new absolute mea sure-

ments  w e r e  made with  I tal ian ab solute appa ratus.  All new ab solute

mea su r e m e n t s  could not  be included in the new ana ly ses

beca use they w e r e  not made at IGSN 7 1 sta tion s and we did not

have  info rma tion about  t ies .  New ab solute m e a s u r e m e n t s  were  con-

sidered at  t h e  following sta tions:

Teddington 18 110 A

Rome 179 12 A

I-Ia mm e r fc s t  28603 A

Helsinki  25004 A

M uni ch  17981 A

Copenhagen 2 1552 K

S, Berna rdo 14375 X

B run schwei g 2 1520 C

Hamburg 21639 B

Pa ri s 18082 0.

We did not  have good info rma tion about the accuracy  of these

m e a s u r e m e n t s, hu t  we used 0 . 0 2  mgal. A f t e r  including these

m e a s u r ements  in IGSN 71 ne t , t he s ta t ions w h e r e  new ab solute

mea surements  should be made came in the following order:

• 1. Na i rob i  357 16 A

2. New Delhi  10 187 K

3. Rio Gall egos 51119 K

-4. Bogota 884 K

5. Ro ckhampton  41730 K

6. M cM u r d o  Sound 59676 C.

In the ad jus tment  of IGSN 71 only lin ea r cor rec tion s were

solved f o r  the scales of the g r a v i m e t e r s .  We had in hand a

24



va riance-cova rianc e matrix fo r  the g rav i ty  values solved under the

AFCRL Cont rac t  No. F 1962 8-68-C-0335 (UAU-ne t ) ,  which included

also the second order  c o r r ec t ions to scales of the  gr a v i m e t e r s .

W e  did the ana lyses  fo r  thi s net  which included 372 gravi ty stat ions

distributed a round the wo rld , listed in Table 1 and shown in F i g u r e  2.

Two sepa rate ana lyses  were  done: 1) origina l net and 2)

original net plus ten new absolute measurements li sted above. In the

order  of preferenc e six new site s f o r  f u t u r e  absolute mea surements

were selected as follows:

1) Original net

1. Panama 889 A

2. Thul e 25968 K

3. Nai robi 35 176 N

4, Washington 11687 M

5. Sydn ey 45331 3

6. Bodo 25174 3,

2 ) With new ab solute mea surements

1. Pa so De Cortes  4698 A

2. Singapore 2613 A

3. Thule 25968 K

4. Azores  11187 3

5. Nairobi 357 16 N

6. Bueno s Ai re s  43848 K.

These two nets; IGSN 71 and the UAU-net  do not include the

same observation s and not necessa rily the same stations as seen in

Table 1. The latter one included the same p endulum and ab solute

measurements as IGSN 71 but from gravimeter  ties only those

which were made with La Coste-Romberg gravimeters  were included

in the adjustm ent of the UAU-net .  When we looked at the di stribu-

tion of the selected stations for  new absolute measurements , i t i s

our opinion tha t thi s latter selec tion mig ht be a b etter one. It al so

25
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i s  supposed to control better t h e  -.~~
- md order influun e in t h e

sca le f a c t o r s .

M o r e  deta i led  anal yses sh W e 1  tha t a f t e r  t h e  new a b s o l u t e

mea surements  in Europe , new p r 1  pu sed ab solute n~ua sur en ~cnts

con tr ibuted ha rd ly an y t h • n g  to b E u r o p ea n n et .  The contribution s

of new ab solute me a s u r -n e nt s  ha~ e h e - - u T i l e  mo r e  c on tin e n~~~1 and

local ra the r  t h a n  global. It  ha -~ b ~ • i i e  o b v i o u s  tha t we do no t

gain much t h r o u g h  lid z rav T 1 (t ( r If l~~ cc t~ on s b c t w  I - f l  cun t i n en t S .

If we wish to imp r o v e  wo rid w i d e  n et , f h e  b u s t  imp r o v em en t s  are

coming f ro m  n ew ab so lu te  TI  - : - i r r r i  ent s  on d i f f e re n t  cl n t i n c n t s .

It also shows tha t the best  app I I  a~ ~ to i mp r o v e  IGSN 71  ne t  i s  to do

readj ustm~~~ts  of cont inental  o”  1 I ~ al n e t s  r a t h e r  than a new ad jus t -

men t of the global net. E~~~~i I  i i t v -  g r a v im e tu r  t i es  be tween  c o n t in en t s

with the c u r r e n t l y avai lable  fl - t r u i n ent s  will not  c h a n g e  m u c h  th e

situation.

4 . 6 . 2  Afr ican  network

Outside of the con t r ac t  we made ana ly s e s  of A f r i c a n  por t ion

of IG SN 71 net as a favor  to ~ f r i ~ a i -  na t i ons , who w e r e  plannin g

to establish new ab solute gra~ i t y  s i tes  in A f r i c a .  We selected the

station s f r o m  1GSN 71  net  w h i c h  fell in Afr ica  plus  Pa ri s and Rome ,

where  new absolute measurem ents  had been made at tha t t ime

(Ma rch , 1977). We wanted to -~c. if t hese  same selection c r i t e r i a

could be used fo r  a smaller par t  ut t h e  wo rld net .  Thu  p r e f e r r e d

order of new ab solute measurements came as follows:

• 1. Kinsha sa 35945 M

2. N a i robi 357 16 A

3. Mbour-Daka r 3846 J

4. Lusaka 39458 3

5. Casablanca 10937 3
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6. Luxo r 10552 K

7. Douala 36~1l3 J

8. Nova Li sboa 39575 3

9. Beaufort West 4662~ 3

10. I)ar Es Salaam 35769 K

11. A smara 6958 K

12. Port Etienne 7407 3

13. Damako 3728 3

14. Bulawayo 43008 K

15. Mon rovia 260 K

16. Cairo 1059 1 M.

This net included only the stations which were in IGSN 7 1 net.

Therefore, it might not be the best for Africa as far as a new

base station net is conc erned. It mig ht be necessa ry to establish

more dense net taking into consideration exi sting gravi ty mea sure-

ments and a future use of the net. h owever , analyses of the

results indicated that the p rogram was making the logical choices

as far as the IGSN 71 imp rovementI. were concerned.

4 .6 .  3 N o r t h  A m e r i c a n  and U . S .  C ravity B~ ~ie Station nets

During the summer of 1977 the negotiations were going on to b ring

Italian absolute appa ratus to the United States for inter-compa rison

purposes. We were asked by Project Monito r, Bela Szabo to

analyze the U.S. portion of IGSN 7 1 net for the preferred lo:ations

of new ab solute mea surements. Three versions were studied:

1. Stations in No rth America.

2. Station s in North America hut selected stations for

absolute measurements to be located in the United

States, excluding Ala ska.

3. Stations in the United States excluding Ala ska and

Hawaii.
28 
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All of the above three alternatives were analyzed in two ways:

a) considering station s in lC~ N 71 and t he  va riancu-

cova rianc e matrix from the solution, whe re only

linea r correction term to calibra tion of gravimuters

were included;

b) considering the UAU-netwo rk and the varianc e-

covariance matrix obtained from the solution, which

included linea r and second order correction terms to

the calibration of gravimeters.

in Table I the stations belonging to the U. S. networks are identi-

fied as well as other stations belonging to the North American nets.

All of the above mentioned alternatives were examined.

During the analyses not only the preferred order was determined

for the new absolute measurements, but several quantities were

computed, such as the trace of variance-cova rianc e matrix, the

partial trace of the same matrix as explained earlier, new

variances of the gravity values of the stations, average variances

for the stations, changes in variances and perc entage changes of

variances. These quantities were computed after each cycle for

each station included in the solutions. In the following three tables,

2, 3 and 4, the solutions using 122 stations in North America are

summarized. The selected stations are given in order of preference.

In these analyses it was assumed that the new ab solut e mea surements

have an accuracy, ~ 
= 20 ~gal. Table 2 gives results for both of

the network s and the average variances of stations in North

America at the beginning and after each addition of the absolute

measurement. In these solutions there were no preselected stations

for absolute measurements. They were °free solutions. °

Table 3 gives the selections of preferred stations considering

the effect of new absolute mea surements in the whole No rth American

nets, but constraining the selected sta tion s to be located in side

29
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Table 2
No rth American Base Station Nets

Free  Solution

Accuracy  of Ab solute Mea surements ~ = 20 ~ gal

IGSN7I-N et tJAU-Net
122 Stations, ~~ 2 = 7 I l  ~gal~ 122 Stations, ~ 2 = 1776 1gal 2

Selected Station s &~ ~gal
Z 

Selected Stations ~ ~ ~gal
2

1. M exico City 626 1. Monterrey 1255

2 . Hall Beach 588 2. Point Barrow 808

3. Dalla s 562 3. Pa so De Corte  684

4. Jacksonville 545 4. Washington 621

5. Edmonton 531 5. Great Falls 59 1

6. San Jose ~~~~~~~~~~~~~ 6. Resolute Bay 561

7. Mould Bay 488 7. San’.~ r~ncisco 544

8. Minneapoli s 479 8. Denver 534

Table 3
North American Base Station Nets
Free Solutions but Stations to be

Selected in U .S .A.

Accuracy of Ab solute Measurements  ~ = 20 ~ gal

IGSN 7 1-Net UAU-Net
122 Station s, ~~ = 711 ~ gal1 122 Stations, ~~ = 1776 ~.&gal1

Selected Stations &~ ~ gal2 Selected Station s ~~ ~ galZ

1. Miami 639 1. Miami 1274

2. San Antonio 609 2. Denver 1187

3. Grea t Fall s 588 3. Sea ttle 1122

4. O rlando I 4. Miami 1078

5. Minneapoli s 562 5. Washington 1044

6. Albuquerque 552 6. El. Pa so 102 1

7. Seattle 543 - 7. Caribou 999

8. Loui svill e 534 8. San F ranci sco 987
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lable  4
N o r t h  A m e r i c a n  Base Station Ne t s

Denver and Bo ston Preselected Stations
All Stations Su i t - t e d  in the U. S.A.

Accuracy of Absolute ~i t-a surements ‘~ = 20 ~gal

IGSN71-N et UAU-Net
122 Stations, ~ = 711 ~gal~ I~~ Stations, :;2 1776 ~.gai~

Selected Stations ~~ ~gal
2 Silected Stations ~~

_ _ _ _ _  --

Denver 
- 

D e n v e r

Boston 630 tosto n 1337

1. Miami 597 1. Miami 1143

2. San Antonio 580 ~~~. Miami 1097

3. Seattle 566 3. -iea ttle 1052

4. Orlando 556 -1. Chey enne 1026

5. Bismarck 547 
- 

5. El Paso 1005

6. El Paso 538 6. Seattle 986

Table 5
U. S. Bas Station Nets

Fret Solution

Accuracy of Absolute ‘vi ea stirement - 20 ~ga1

IGSN7 1-N et UAU-Net
83 Stations, ~~ = 576 ~gal2 77 Station s, ~~ = 1030 ~gal

2

Selected Stations j Y ~gal2 Selected Stations 
f 

~~ ~ gal Z

1. Miami 499 1. Tlouston 631

2. Dallas 466 ~~. Dem er 555

3. San Francisco 446 3. Washington 519

4. Charleston : 430 4. M i a n ii 485

5. Loui sville 413 ~~~. Grea t Fall s 465

6. Bismarck 401 - 6. Orlando 452

7. Albuquerque 392 7. Madi son 440

8. Orlando 385 8. Albuquerque 432
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of the Uni ted States excepting Ala ska. Table 4 gi v e s  t he  solution s

for the North American nets with same co n s t r a i n t s  a s  in Table 3

and in the addition the condi tion that Boston and Denver have been

preselected to be the sites of the new ab solute mea surements.

Tables 5-9 give results for -s-a rious situations in the U.S.

base station nets. We have first two solution s for the free choice

of the stations without any prcse-l -~ ted stations, given in Table 5 and

6. The only difference b~~t w t cn t he s~ solution s is that in Table 5

the accuracy of ab sol ~it e m ea su r tm en t s i s a s sum ed to be ~ = 20 ~gal

and in Table 6 -
~ 10 ~~~~ The o”ders of selection s are different

but the average va riances have not improved much - only 13% even

though the accuracy of ab solute measurements has been improved

50%. Thi s small retu rn from improvement of accuracies of ab so-

lut e mea s u r e men t s  p o i n t s  ou t  tha t the gravity differences between

s t a t i o n s  m u s t  be mea sured  mo r e  a c c u r a t e ly in o rde r  to benefi t  ful ly

f r o m  the  imp ro~ ed a c c u r a c i es of a b s o l u t e  mea s u r e m e n t s .  Thi s

addi ti onal a c c u r a c y  f r o m  absolute mea surements  will imp rov e only

local situations or those stations which are tied more accurately

than average to the stations where ab solute measurements are made.

It is interesting ti note t hat if new ab solute measurements

were done at ei ght sites. then there would not be much differenc e

in IGSN 71 , if all station s were selected freely in the North America

or in the U.S.A. There is even less difference if the sites were

freely selected in the U.S.A . or two of the stations were preselected

in the same area. However, if we take the UAU-network which

includes the second order terms, t h e r e  is a la rge di f fe renc e in the

average va riances if the station selec tion is limited ~~ ‘ the area of

the U. S.A., bu t  not muc h effec t is seen by preselec ting two of the

stations as compa red with the “free solution’’ in the U.S.A. We

c:an also see that after 4-5 new absolute mea surements the gain in

the whole U. S. net is not muc h - the imp rov ements will be more
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of a local nature. Tables 7-9 give the U. S. n e t w o r k s  after 2, 4

and 5 stations have been preselected . It is again interesting to

see that a rea sonable preselection of stations does not influence

much the average variances in the whole net. In Table 9 the

average va riance in UAU-net is even smaller than in Table 5,

which is a “free solution.” We have to remember tha t the

selections of the stations have been made using ‘‘the partial trace ’’
cf va riance-cova rianc e matrices in order to minimize the influence

of local stations; therefore, the full trace of the va riance-cova rianc c

matrix is not necessarily minimum f o r  the p r e f e r r e d  cho ices .

It is clea r that if we make more than six new ab solute

measurements, we do not gain much as far as the current base

station networks are conc erned. Larger imp rovements  can be

expected if new , m o r e  a c c u r a t e  measurement s  of g r a v ity  d i f f e r e n c e s

between the stations are established.

Sinc e these studies were concluded and informally reported

to Project Monito r, the new absolute measurements have been

carried out at Bedfo rd, Denver, Bisma rck, Miami, San F rancisco

and Alamogordo, which correspond s about the situation given in

Table 8 after two selections. Therefore , it is app ropriate to give

expected variances to all stations included in the U. S.A. portion

of the UAU-net. The old variances and the new ones are given in

Table 10. As we can see in the UAU-net there are five stations

which are poorly ti ed to any other stations, namely Tampa , Corpus

Christy , San Diego, No rton AFB and Portland. If a full trace

would have been used in selection, these stations would possibly

have come up as the first choices, but the whole net would not

have been improved much. The va riances of these stations are

keeping the average variance la rge.

For easy referenc e the changes in the va rianc e are given in

Table 11. This table clea rly re f lec t s  that the la st two new
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Tabl e 6
U.S .  Base Station Nets

F r e e  Solution

Accuracy of Absolute Measurements -~ = 10 ~gal

IGSN 71-Net  UAU-Net
83 Stations, 92 = 576 ~ gal 2 77 Station s, - Z  = 1030 ~gal’

Selected Stations ~ 2 
~ gal2 Selected Station s ~~ ~.j gal 2

1. Dalla s 450 1. D enver 515

2. O rlando 4 l~ 2. MiamY 458

3. Minn eapoli s 396 3. G r e a t  Fall s 418

4. Loui svill e 378 4. Wa shington 405

5. Cha rleston 365 
-

~ 5. San Antonio 396

6. San F rancisco 355 6. Bo ston 390

7. Minot 344 7. Kansa s City 382

8. Albuquerque 336 8. O rlando 377

Table 7
U.S. Base Station Net s

Bo ston and Denver Preselected Stations

Accuracy of Ab solute Measurements — = 20 ~gal

IGSN 71-N et UAU-Net
83 Sta tion s, ~ = 576 ~gal2 77 Stations, ~~ = 1030 ~gal2

Selected Stations ~~ j.~gal
2 Selected Stations ~~ ~.gal2

Denver Denver

Boston 486 Boston 609

1. Miami 453 1. Miami 512

2. Alb uquerque 434 2. Denver 486

3. Char les ton 419 3. Orlando 469

4. Bi sma rck 407 4. G r e a t  Falls 452

5. Lo ui sville 393 5. San Antonio 442

6. Dalla s 386 6. Madi son 432
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U. S. Base S ht l ( ln  N et s
Boston , D e n v e r , A l b u q u e r q ’o - , and r~i sina r k

P re~~c l e - ~~t - r 1 
~
- - t~ -o s

Accuracy  of A b s o l u t e  a~ ~~~‘ so r - n o n t s  — .~ O ur 1al

IGSN 7 1- N e t  U A I -N e t
83 Stations, ~~ = 576 ~~al 2 77 St a t i o n s , ~~ 103 0 ?j~ al~

Selected Sta t ions  L1 L~ t l  I -l~ ted Station s -~~ ~1ga l2

D enver  Denver

Boston F t j  t o n

Bismarck A lb u q u er q u e

Albuquerque  440 ~~~snia r ck  505

1. Jacksonv i l le 420 ! .  \ - l iami 468

2. Loui sville - 405 ~~~. San F r a n c i s c o  458

3. Miami 395 
- 

3. O r lando  441

4. C h a r l e s t on 3’~7 1. Madi son 432

Table 9
V . S. Base Station Nets

Bo ston, Denver, Albuquerque, Bi sma rck
and Columbus ~

— reselected Stations

Accuracy nf Abso lu t e  \l  .-o ~~i rem ents -
~ 20 ~ga1

IGSN 71-N et UAU-Net

-‘ 83 Stations, ~~ = 576 ~ga12 77 Stations, ~~ = 1030 jjgalZ

Selected Stations ~~ ~gal
Z Selected Stations ~~ gal2

Denver D -nver

Boston bo ston

Albuquerque Albuquerque

Bi smarck Columbus

Columbus 425 Bi sma rck 489

1. Jacksonville 407 1. Miami 453

2. Miami 397 2. O rlando 440

3. Charleston 388 3. San F rancisco - 430
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absolute measurements do not imp rove the whole net muc h and the

imp rovements a r e  more local than at the beginning . Another

interpretation could be tha t the corre la t ion  is get t ing smaller and

accuracies of measured gravity differences between stations a re

not good enough to tran sfer info rmation from new absolute measure-

ments very  f a r  throug h the  net .  If we leave out 5 stations in the

net , which have  the va r iances above 1000 ~ga1 then the average

variance after two se lec t ions  is  259 ~gal~ o r  -~ = 16 4gal , and a f t e r

four selections 237 ~gal~ or -‘ = 15 j,gal. The gained accuracy from

two additional absolute measurements  would not be significant.

4 .7  Conclusion s

The original scope of the study was to determine the pre-

f e r r e d  locat ions  f o r  new absolute measuremen t s  to imp rove IGSN 7 1

global net.  Thi s was accomplis hed in the ea rly par t  of the contract

as reported in Chap te r  6 , section 6. 1. Six stations were  suggested

as the preferred sites for new ab solute measurements. It was

noted that the last two new measurements  made contributions more

to the local area than to the global net. During the wo rk new

ab solute measurem ents were made at ten more site s in Europe. A

new selection of the preferred s i tes  was made by including these

new ab solute measurements  in Europ e to the IG SN 7 1 net. The

o riginal var iance-cova rianc e matrix of IG SN 71 was obtained by

single prec i s ion  c omputations; t h e r e f o r e , no more  than six new sites

were obtained. It is  our opinion tha t we started to loose signi-

f icant  f i gu re s  to tha t exten t that the  sev enth selection could have

been effected too muc h by rounding off noise.

We repeated the above mentioned selection p rocesses  using

the UAU-net, which included also second order correc tion term s

to the calibrations of the g rav imeters .  The second order effec t is
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clea rly seen from the pr e f e r r ed  selection s as compared to the

selec tion s obtained from IGSN 7 1 net .

From these studies it became c-lea r tha t the strong correla-

tions between gravity values in the nets were  di sappea ring and the

existing gravity ties with thei r current accuracies could not transfer

the effect of new ab solute measurements  f a r  in the global nets .

Therefore , in the f u t u r e , there  should be new ab solute measurements

of gravity on different continents and local areas. We should not

t ry  to make new global a d j u s tme n t s  of networks but rather continental

or national network adjustments including new ab solute measurem ents

in the area in question.

We had not plann ed originally to do separate analyses  fo r

Africa or North America and the United States. However , we made

extensive study in the area s, especially in North America and the

United States. The results were given in Chapter 6, section 6. 3.

The comm ents were given in the same section. If we wish to

improve the U.S. Network, we must do more accurate mea sure-

merits of gravity differences between the stations or we have to

make a very la rge n umber of ab solute mea surements of gravity .

In order to imp rove accurac ies  of relative g ravity measurements

we must establish a good calibration line for gravimeters and

possibly imp rove measuring techniques and analyze environmental

effects more precisely than before.

5. Ana lyses  on the location of ab solute gravity measurements  fo r
calib ration of gravimeters

5. 1 Introduction

During the adjustm ent of IG SN 71 net it  was recognized that

the second order  cor rec t ion  te rm to the calib ra tions of g r av ime te r s
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would be app ropriate. The mathematical model fo r  inclusion of

thi s second order term was worked out and used in an adjustment

of IGSN 71 net (Uotila , 1974). It was found tha t the distr ibution

of ab solute sites in IGSN 71  was not good for  solving the second

order  term. The ta sk under thi s contract was to determin e proper

interval s fo r  additional ab solute sites in order  to solve the second

and hig her order  terms for  calib ration of gravimeters.

5. 2 Mathematical model

A p roper ma thematical model fo r  the inclusion of second or

hig her order  correc t ion  t erms to the calib ra tion of gravimeters ,

must includ e the dial reading s because the hig her o rder  term s

are affected by the location of the readings in the total range of readings.

A possible mathematical model for two dial reading s with a

gravimeter in a trip including the thi rd o rde r  correct ion term is:

d~ — d~ + Ica (t 1 — t 3 ) + ~ a (a1 — d~ + m’ (d~
2 

— d7 1)

+ n  (d~
’) - d ~ ’ ) ) - (g~ - g ~~) 0

where

d
~
, d 1 dial reading s in ni gal at the stations i and j ,

respectively, corrected for  all known systematic

effects.

k = coefficient for drift.

t~ , t~ = time of observation of the dial reading s at station

i and j ,  respectively.

coeff ic ient  fo r  a lin ea r scal e facto r term.

m = coefficient  fo r  a second order  scale facto r term.

n coefficien t fo r  a thi rd order  scale fa cto r term.

g 1, g , = gravity values in mgal at the stations i and i~
respectively.

a = supersc ript indicating theoretical or adjusted value.
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We would have a simila r equat ion  f o r  each gr a v i ty  d i f fe r-

ence. The gen e ral fo rm of th i  n -  th c n i a t i c a l  model i s

F(X~~, L t )  = 0

where  X’ theore tica l  or ad~ o st e d  v a l u e s  of p a r a m e t e r s

La t heoret ical  o r  adjuste’i \ a lu e s  of quanti t i e s  that  have

been obse rv ed o r  t be - i b s e r v e d .

In thi s case  Xa would includ e k’ , L’ . ma and n~ f o r  each

ins t rument  fo r  the t ime per iod s d u r i n g  wh ich  they a re  conside red

inva riant , and g~ f o r  each sl~~t Y - n i nc luded  in the  net.  The v e c t o r

L~ would have each dial ~-eafti ng ~~ thc i n s t r u m e n t  a s  an element .

The values t~ and t~ a r e  con~,’dt . r c d  e r r o r l e s s  in thi s model.  T h u

model can be , of c o u r s e , ex~~inded to include even hi gher order

c o r r e c tion t e rms  to the  i al i b ra  con  f the  g r a v im tt e r s .

The usual minimum va rianr t solution f o r  the above model

is:

x = — [A r (BP L B T )~~A 1 .‘ A~ 
( !~ I~ 

I J-31) ‘

where

A = ; B = —
~
4-

~ 

- 
; W = F(L~ ,X°)

- Xa=X ° -

= v a r i a n c e - c o v a  r ianc e ma t r ix  of observed quan t i t i e s,

Lb = values of ob~~~’ rv ed  qu a n t it i e s,

X° app roximate - a I ’~t - s of pa rameters,

XI = X ° + X = adjusted values f pa rameters.

The va r iance-covar iance  m a t r i x  ~‘f t he  pa r ame te r s  has the  fo rm:

= [AT(I3P ~~ B T ) I A ] l :

For  each ab solute g r a v ity  mca~~i ire rn ent we would have a mathema ti-

cal model :

- g~ = 0

-4

~

—— - - -

~

-

~ 
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where  ct is the adjusted value of the ab solute g rav ity  measurement
at ~th station and g~ is the adjusted gra vi ty value of the . th station.

The ab solute values can be added to the ea r l i e r  expression:

x = _ [AT (BP ‘BI) l A+P~ L’ [AT(BP ’BTyI W — P ,~W ,]

where  dimensions of P~ a r e  the same as A T (BP ’B T ) lA or u x u

when the dimen sion s of  X are u x 1. All other  elements of P ,~ a re
zero except those diagonal elements, w hich correpond to cor rec t ions
to the g values where  absolute measurements  hav e been made.

The non-zero  diagonal element, p ,~ , i s  equal to —4--- which is the
I I  

threciprocal of the va rianc e of the ab solute measurerr~ent at the i

station. The corresponding w~ element is

—

where  c~ is the measured  ab solute value at the 1th station and g~ is the
approximate g r a v ity  value at  the ~th stat ion adopted for  the solution.
All o ther  elements of W~ -matr ix  a r e  zero exc ept those correspond-
ing to the s i tes  w h e r e  ab solute measurements  have been made. The
cor responding va rianc e-cova rianc e matrix of pa ramete r s  is:

= [A T(BP 1B T ) -1 A +

If the hig her  o rder  d r i f t  term s or  some environmental  fac tors , such
as temp erature  and p r e s s u r e  were  to be included in the model , they
could be ea sily added by modif y ing the mathematical model corre-
spondingly.

5 .3  Resu lt s  of ana ly ses

5. 3. 1 Linea r co r rec t ion  term

If we w e r e  interested in solving onl y the linea r correct ion term to

the calibra tion of a g rav im eter , then with  c u r r e n t  accuracies  of ab solute
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g ravity mea surements, 10-20 ~1gal , i t  would be sa ti sfacto ry to have

only two ab solute measurements, located at the s tat ions having  the

minimum and maximum grav ity  values of the cal ibra ti on l ine.  The

additi onal information obtained by including more ab solute measure-

ments between these points woul d not increase the accuracy  of

determina tion of the linea r calib ration co r rec t ion  term as much as

making these additional measu rement s  at t he se  points  equally divided

between the two points of the calibration line.

5.3. 2 Linea r and the second order  cor rec t ion  term

In the case tha t we wish to determine the linea r and the

sec ond order  correc t ion  term s to the calibration of the g rav imete r s

the analyses showed that we should have ab solute measurements at

the following locations along the calib ration line: at the  station

having maximum gravity  value and at the station having minimum

gravity value and the third one at the station having close to the

average of minimum and maximum gra vi ty values along the calib ration

line. Several alterna tive situation s were examined, but  thi s simple

system seemed to give the best  r e su l t s  f o r  the case. The addit ional

info rma tion obtained by including more ab solute mea surem ents

between these points would not inc r ease the accuracy  of the deter-

mination of the correc t ion  t e rms  to g rav ime te r s  as muc h as making

these new measurements at these  th ree  points  or  at  the v ic in ity  of

these three points.

5 .3 .3  Hi gher order correction term s

We had availabl e the fac to ry  calib ration tables for  26

La Coste-Romberg G gravimeters .  The curves  of the original cal-

ib ra tions w e r e  plotted for  the full operational scale of the gravi-

meters. In table 12 we see the results  of the f i t s  of 2nd , 3rd,



4th and 5th order polynomials to the calibration cu rves .  Fi g u r e s

~- 12 give some sample res iduals  of the polynomial f i t s  of typ ica l

calibra tion c u r v e s .  It should be noted tha t the scale in the vert ical

axis is not the same in all f igures .  The perc entages  accounted

b y the pol ynomials a r e  given in table 12. The perc entage

accounted for  is  computed using the following fo rmula
2

Percen tage accounted for  - - j  V 1 — x 100
:

where  x 1 = residuals a f t e r  a fi r st order polynomial fit.

= residuals after  a particular polynomial fit.

Simila r ana lyses  were  made for  the calib ration curves  for

the measuring interval which has been used in IGSN 71 net and for

the interval used in the U. S.A. The corresponding g rap hs of resi-

duals were  also p lotted for  these polynomials, but in much la rger

scale. Examples a r e  given fo r  two gravimeters, namely L045 and

L803 in F igures  13- 16. We should again note differences in scale

from f igu re  to f igure.  We tri ed to do also some spectra l ana lyses ,

but did not find them helpful in these evaluations at thi s time.

Based solely on the examination of the fa ctory calibration

curves  we can conclude tha t the curves  can be reproduc ed to the

operational accuracy of La Coste-Romberg G gravimeters  by making

ab solute mea surements at 500 mgal intervals. It is known that

these gravimeters  have  been calib rated in the fa cto ry using 200 mgal

r ider  at va rious p a r t s  of the meter ’ s range (Harri son and La Coste ,

1978). This 200 mgal interval does not seem to show up in the

ca lib ra tion cu rves .  It is clea r , of cou rse , tha t if ab solute mea sure-

ments a re  made a t  200 mgal interva l along a calibration lin e, we

sho uld be able to contro l calib ration of the gravimeters to the same

accuracy as the facto ry calibration does; however , we must  take

into consideration changes in local envi ronmenta l conditions, such

as the effects  of tida l va riation s, changes  in wate r level , etc.
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Table 12

Analyses of LaCos te -Romh e rg -fa . t o r y  & -alib rati on curves

G ravimeter Trend Removed-  Pc rc en t  Accounted O r d e r  of Polynomial
2nd ~3rd 

____ 
4 th  5th

L 001 2 6 . 6  ~~~~~~~ q 99.  16 99 . 36

L 002 84.9  ~ 1 .7  9 7 . 3 1  99 .56

L 007 39.7  ‘3!..0  9 9 . 8 1  99 .85

L 009 52 .4  )7 .~~ 9 9 . 9 5  9 9 . 9 5

L O l l  15.7 83. ° 9 9 . 7 4  9 9 . 7 5

L O l l  2 . 5  3 -1 .9  99 .93  99 .94

L 020 83.8 96. !. 99 .97  99 .98

L 043 94.5 ‘ 37 .8  99.91 99.91

L 044 84.9 ~!..5 99.72 99.80

L 045 19.7 90 .7  95.08 96.74

L 046 47. 1 94. 1 99.37 99.43

L 047 16.4 60.4 99.58 99.82

L 048 85.6 89.3 99.78 99.97

L 050 91.9 92.0 99.71 99.94

L 056 28.2 64. 1 99.00 99.69

L 057 79.7 94.7 99.70 99.90

L 074 65.2 90.2 99.94 99.95

L 075 87.2 90.2 99.87 99.87

L 093 86.4 98.6 99.99 99.99

L 115 63.0 88.~ 99.94 99.99

L 122 85.4 ~6.0 99.98 9 9.98

L 137 0.6 69.3 99.29 99.70

L 140 91.8 96.9 99.89 99.98

L 803 97.8 °4 . ! -  99.34 99.45

L 808 62.0 ~ 1.3 99.77 99.99

L 903 93.7 95.0 99.58 99.62
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(Brein , et al, 1977). The periodi c e r r o r s  in the measuring screw

should be also modeled if at all po ssible. These errors are caused

by excen t r i c i ty in the screw resul ting in wobble and non-linearity of

l eve r  system. The sc r ew p robl em s resul t in e r r o r s  typically 35

~~gal in amplitud e in the G-meters  once or twice per turn of the

screw (about 70 and 35 mgal) (Harri son and La Coste, 1978).

Wha t type of calibration lines and how many absolute measurements

a r e  required to control thi s kind of behavior a re  the questions, fo r

which the answers  a r c  outside of the scop e of thi s research, but

should be studied in the fu tu re .  It has been suggested (Brein , et

al , 1977) t hat  there  should be 1 mgal ba selines with 5 to 10 inter-

mediate station s fo r  this purpose.  How many of thi s kind of baselines

a re  need ed and do we need absolute measurem ents in these, should

be also examin ed in the fu ture .  W hen other types of gravimeters

such as La Coste-Romberg D-meter  are  con sidered, we must

recognize that the  gravity ranges differ f rom those of G-meter.

The D-meter measures only about a 200 mgal change.

5.4 Conclusions

If we were to control only a linear correction term to the

calibration of a gravimeter  and accep t the fac to ry  calibra tion for

the local va riation s, two locations of the absolute measurements

would be the most favorable ones, namely the stations having

minimum and maximum gravity value s among the stations in the

calib ra tion line. If we were to control also the correction to the

second order  te rm , an additional sta tion should be selected, which

would have a gravi ty  value half way b etween maximum and minimum

gravity values along the  calib ra tion line. If we wish, for  some

other  rea sons , to select more than these stations, they should be

equally divided in the vicinities of the selected ones. The “vicinity”
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mean s in thi s contex t - ha~’ in i ~ & ‘ lose  to  the  same g r a v ity  vahies .

If we wish  to rep rod ,u ’ ~ ‘ s i n ij i a  r i-a l ib  ra ti fl c ur v  - a s  tI i ~ (Nil I ’

suppli ed by the f a c t o r y  f o r  G - n i ’ s - r s , 500 mgal  i n t e r v a l  i s  s at i s -

fa c to ry provided tha t F ’f lVi  r o r l I l I l - ut a l e f fe ct s  a re  taken in to  c o n s i d & ’r —

ation. If we wish to obtain 10 1j~ a I or  be t t e r  a c c u r a cy  in n ) L ’ a s I I r c -

ments  of g rav i ty  di f f er c n  es , W I ’  1 I I t i T . ~ establi sh -a l i b  ra tion l in e s  ( I f

smaller g rav i ty  d i f f e r e t i l  I ’ S  r t - l t I  I I ’ l l 1 I h e  g r a v i t y  dif fe  r t ’n cc s  t I l  he

measured.  For  a c c u r a te  rn ca s l l r F l ’ ii ( ’ T - l t s  and fi eld ca l ibra t ion s

con t inuous  r e c o r d i n g  of tidal l 1 t 1 1  I)th(’r ~‘a n a t i ons  111 gra~~i t y  shoul d

be made at  the stations f o r  I 11 r r ( ( , t 1 o 1 ~ va lues to the  no rrna I v a l u e s .
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